INTRODUCTION
============

As a natural genetic engineer, *Agrobacterium tumefaciens* can deliver T-DNA into different eukaryotes, including plant ([@b14]; [@b34]; [@b6]), yeast ([@b7]; [@b38]), algae ([@b29]) and fungal cells (de [@b26]). This is an efficient natural inter-kingdom transfer of genetic information. The use of *A. tumefaciens* as a genetic vector for different cells is becoming wide and diverse.

During the transfer process, a single-stranded DNA (T-DNA) molecule is generated inside the bacteria by VirD1-VirD2 endonuclease ([@b52]; [@b54]; [@b41]); afterwards, VirD2 remains covalently associated with the 5′ end of the T-DNA (T-strand; [@b54]). This nucleoprotein complex is then transferred into recipient cells via a VirB/VirD4 type-IV secretion system (T4SS) ([@b11]) in a manner mechanistically similar to a conjugation process ([@b3]).

The importance of T4SS is highlighted by the expanding list of bacterial pathogens that use T4SS to deliver proteins and nucleoprotein complexes into eukaryotic host cells ([@b10]; [@b13]). An archetypal T4SS is the *A. tumefaciens* VirB/D4 apparatus ([@b11]), which is responsible for T-DNA transfer from *A. tumefaciens* to natural host plants, as well as non-natural host recipients like bacteria, algae, yeast and fungal cells ([@b3]; [@b30]; [@b10]; [@b31]), in the presence of plant wound signal compounds, such as acetosyringone (AS; [@b45]).

This T4SS is also known to translocate protein substrates, including a number of Vir proteins like VirE2, VirD2, VirE3, VirD5 and VirF ([@b50], [@b51]; [@b42]). These translocated proteins are virulence effectors that interact with host factors in the recipient cells to facilitate transformation. As an abundant protein secreted into recipient cells, VirE2 is likely to coat and protect the T-strand ([@b16], [@b17]; [@b55]; [@b40]). VirE2 may also mediate the uptake of the T-DNA complex by forming a pore in the plant plasma membrane ([@b22]). VirE2 could interact with plant VIP1, which is localized in the nucleus upon phosphorylation, and several importin α-isoforms in the plant cells, suggesting that VirE2 might also help with the nuclear targeting of T-DNA ([@b17]; [@b21]; [@b4]). In addition, VirE2 was reported to facilitate the chromatin targeting of the T-complex through an association with host VIP2 ([@b2]). It appears that VirE2 is involved in the entire T-complex trafficking inside recipient cells, from the entry point to the final destination.

Neither the DNA nor the protein molecules have ever been directly visualized inside the recipient cells after the translocation. It is not clear how the nucleoprotein complex is trafficked inside the recipient cells. In this report, we adopted a split-GFP system ([@b8]; [@b37]) and successfully visualized VirE2, its aggregation forms and its movement in the recipient cells during a natural transformation process. When this was tested in different recipients, the data show that VirE2 delivery efficiency was comparable between a natural host and a non-natural host recipient, but the VirE2 trafficking and T-DNA transformation efficiency were very different. VirE2 moved in a nearly linear direction inside plant cells, whereas VirE2 did not move inside yeast. The T-DNA transformation efficiency for a natural host plant is 250--500-fold higher than for non-natural host yeast cells. This indicates that VirE2 trafficking inside recipient cells is a limiting factor for genetic transformation of a non-natural host recipient. *Agrobacterium* is more efficient in protein delivery than genetic transformation for a non-natural host recipient. The split-GFP approach enabled real-time visualization of VirE2 trafficking inside host cells.

RESULTS
=======

A split-GFP approach to visualize VirE2
---------------------------------------

A split-GFP approach ([@b8]; [@b37]; Van [@b49]) was used to visualize VirE2 inside recipient cells. As shown in Figure [1](#fig01){ref-type="fig"}, the split-GFP system is composed of two non-fluorescent GFP fragments: β-strands 1--10 of GFP (GFP1--10), containing 215 amino acid residues, and β-strand 11 of GFP (GFP11), containing 16 amino acid residues. GFP1--10 and GFP11 could bind each other spontaneously and restore the fluorescence GFP~comp~ ([@b8]).

![Visualization of VirE2 inside recipient cells using a split-GFP method. (a) General strategy for the visualization of *Agrobacterium tumefaciens* VirE2 delivered into recipient cells. VirE2-GFP11 encoded on Ti plasmid is expressed inside *A. tumefaciens* cells and is delivered into recipient cells, whereas GFP1--10 is expressed inside recipient cells. The GFP fluorescence complementation occurs upon VirE2-GFP11 translocation into recipient cells. (b) Construction of the VirE2-GFP11 fusion. The GFP11-coding sequence was inserted into *virE2* at Pro54, and the fusion gene was then placed on the Ti plasmid by homologous recombination. (c) VirE2 virulence assay. The roots of transgenic *Arabidopsis thaliana* H16 expressing GFP1--10 were inoculated with *A. tumefaciens* cells with *virE2* (A348-*105virE2*), *virE2::GFP11* (A348-*105virE2::GFP11*) or *virE2* deletion (A348Δ*virE2*). Photographs were taken 4 weeks later. (d) Visualization of VirE2-GFP~comp~ inside plant cells. Cells of *A. tumefaciens* EHA105*virE2::GFP11* were infiltrated into transgenic *N. benthamiana* (Nb308A) leaves expressing both GFP1--10 and DsRed. The leaf epidermal cells were observed at 2 days post-agroinfiltration under a confocal microscope with an Olympus UPLSAPO 60× NA 1.20 water immersion objective. DsRed expression facilitated the visualization of cellular locations. The boxed area is enlarged to highlight the structures of the VirE2-GFP11 complex. Scale bar: 20 μm.](tpj0077-0487-f1){#fig01}

We fused GFP11 onto VirE2 at a permissive site ([@b56]) to create the VirE2-GFP11 fusion, the fusion was expressed inside *A. tumefaciens*, and GFP1--10 was expressed in the recipient cells. When VirE2-GFP11 was delivered into the recipient cells, GFP1--10 would be complemented by VirE2-GFP11 and the resulting VirE2-GFP~comp~ signals were detected.

As an abundant Vir protein ([@b24]), VirE2 is a non-specific single-stranded DNA (ssDNA) binding protein ([@b16]), which can coat the entire length of the T-strand *in vitro* with one VirE2 molecule, covering 19 bases of T-DNA ([@b19]). In the presence or absence of T-DNA, numerous VirE2 molecules can form telephone cord-like multimers *in vitro* ([@b19]; Frenkiel-[@b25]; [@b23]). The self-association capacity could thus amplify the VirE2-GFP~comp~ signals to facilitate the direct visualization of VirE2 inside the recipient cells.

VirE2-GFP11 functions like VirE2
--------------------------------

To ensure that the VirE2-GFP11 movement could represent VirE2 trafficking, the VirE2-GFP11 fusion should not disrupt the VirE2 function. To achieve this, GFP11 was inserted at Pro54 of VirE2 (accession no. AAZ50538), a site that was shown to be tolerant for a 31-residue oligopeptide insertion ([@b56]). The *virE2* gene from EHA105 was used to generate the VirE2-GFP fusion, as EHA105 does not contain any T-DNA ([@b28]), and thus VirE2 may be studied in the absence of T-DNA. To test the virulence function of VirE2-GFP, the fusion construct was then used to replace the *virE2* gene of A348. The resulting A348-*105virE2::GFP11* was inoculated onto roots of transgenic *Arabidopsis thaliana* (H16) expressing GFP1--10.

As shown in Figure [1](#fig01){ref-type="fig"}c, A348-*105virE2::GFP11* caused tumors just like the corresponding A348-*105virE2*, which is an A348 derivative with its *virE2* replaced by EHA105 *virE2*. As expected, the *virE2* deletion mutant A348Δ*virE2* was avirulent. The virulence function of VirE2-GFP11 was similar to the wild-type VirE2, as the frequency and size of tumors caused by A348-*105virE2::GFP11* were similar to those of A348-*virE2*, even when different concentrations of the bacterial cells were used to test the virulence (Figure [S1](#SD1){ref-type="supplementary-material"}). In addition, the VirE2-GFP11 expressional level was similar to VirE2 (Figures [S1](#SD1){ref-type="supplementary-material"} and [S2](#SD2){ref-type="supplementary-material"}); the GFP11 tagging did not affect bacterial growth (Figure [S2](#SD2){ref-type="supplementary-material"}). These results suggest that VirE2-GFP11 was fully functional, just like VirE2, even in the presence of GFP1--10 in the transgenic plants (Figure [S1](#SD1){ref-type="supplementary-material"}). Thus, the VirE2-GFP11 fusion was suitable for the visualization of VirE2 and its trafficking upon delivery into recipient cells.

Visualization of VirE2 movement inside *Nicotiana benthamiana* cells
--------------------------------------------------------------------

To visualize VirE2 inside a natural host plant, *A. tumefaciens* EHA105*virE2::GFP11* cells were infiltrated into transgenic *N. benthamiana* (Nb308A) leaves expressing both GFP1--10 and DsRed. When VirE2-GFP11 was translocated into the plant cells, GFP1--10 bound to VirE2-GFP11, and the resulting VirE2-GFP~comp~ signals appeared as green fluorescence under a confocal microscope (Figure [1](#fig01){ref-type="fig"}d). The DsRed expression facilitated the visualization of the cellular locations. At 2 days after infiltration, VirE2-GFP~comp~ signals were found in the plant cells in both the cytoplasm and the nucleus (Figure [1](#fig01){ref-type="fig"}d). Most of the signals appeared as spots, but some appeared as filamentous structures.

Time-course studies (Figure [2](#fig02){ref-type="fig"}a) indicated that no VirE2-GFP~comp~ signals were detected at 16 h after agroinfiltration, presumably because it took time for the *vir* genes to be induced and for VirE2 to be delivered. In addition, a certain number of delivered VirE2-GFP11 molecules might be needed to form an aggregate that could subsequently become detectable, although the exact number is not clear. At 32 h after agroinfiltration, VirE2-GFP~comp~ signals were detected as spots. At 48 h after agroinfiltration, both VirE2-GFP~comp~ spots and filamentous structures were detected. Pre-induction of the bacteria by AS before agroinfiltration did not significantly speed up the appearance or increase the intensity of VirE2-GFP~comp~ signals. This suggests that *vir* gene induction was not a limiting factor, but it took time for VirE2 to be delivered to a detectable level in plant cells.

![The time course of VirE2 delivery and the effect of T-DNA on VirE2 delivery. (a) The time course of VirE2 delivery in *Nicotiana benthamiana*. *Agrobacterium tumefaciens* EHA105*virE2::GFP11* cells were infiltrated into transgenic *N. benthamiana* (Nb308A) leaves expressing both GFP1--10 and DsRed. The leaf epidermal cells were observed at 16, 32 and 48 h post-agroinfiltration. (b) The effect of T-DNA on VirE2 delivery. Cells of *A. tumefaciens* with T-DNA \[EHA105*virE2::GFP11*(pHT101); upper panel\] or without T-DNA (EHA105*virE2::GFP11*; lower panel) were infiltrated into transgenic *N. benthamiana* (Nb308A) leaves expressing both GFP1--10 and DsRed. The leaf epidermal cells were observed at 2 days post-agroinfiltration. Scale bars: 20 μm. Images were obtained under a confocal microscope with an Olympus UAPO N 340 40× NA 1.15 water immersion objective.](tpj0077-0487-f2){#fig02}

As the bacterial cells did not contain any T-DNA, the filamentous structures should be the aggregated form of the VirE2-GFP complex, free of any T-DNA. As the VirE2 transfer progressed, more filamentous structures were found and the filaments became even longer. This suggests that VirE2 aggregation grew when more VirE2 was delivered. Under the same conditions, the negative controls did not generate any GFP fluorescence; these included *A. tumefaciens* strains that did not encode VirE2-GFP11 or VirD4 (Figure [S3](#SD3){ref-type="supplementary-material"}). Therefore, naturally transferred VirE2 protein and its aggregated form were successfully visualized inside live recipient cells.

A binary plasmid pHT101 containing a T-DNA construct was introduced into the T-DNA-less EHA105*virE2::GFP11* cells to study the effect of the T-strand on VirE2 delivery. As shown in Figure [2](#fig02){ref-type="fig"}b, the presence or absence of the T-strand did not affect the quantity of VirE2 delivered or the formation of VirE2 filamentous structures inside the plant cells. This suggests that VirE2 delivery is independent of T-strand, which is consistent with previous observations ([@b5]; [@b46]).

VirE2 was reported to play a role in the T-complex trafficking by hijacking the plant MAPK-targeted VIP1 defense signaling pathway ([@b48]; [@b21]). Thus we monitored the VirE2 movement in a time-lapse series, and successfully captured the VirE2-GFP~comp~ trafficking process (Movie [S1](#SD8){ref-type="supplementary-material"}). The speed of VirE2-GFP varied; the majority ranged from 1.3 to 3.1 μm sec^−1^ (Figure [3](#fig03){ref-type="fig"}a). The movement was nearly linear and directional (Movie [S1](#SD8){ref-type="supplementary-material"}), suggesting that VirE2 movement was assisted by an active host process.

![Tracking of VirE2 movement inside recipient cells. (a) VirE2-GFP~comp~ movement inside plant cells. *Agrobacterium tumefaciens* EHA105*virE2::GFP11* cells were infiltrated into transgenic *Nicotiana benthamiana* (Nb308A) leaves expressing both GFP1--10 and DsRed. The movement of VirE2-GFP~comp~ signal (arrowed) inside the epidermal cells was monitored at 2 days post-agroinfiltration (Movie [S1](#SD8){ref-type="supplementary-material"}). Representative pictures from the time-lapse movie (Movie [S1](#SD8){ref-type="supplementary-material"}) show the VirE2 movement; a timer is shown at the top (h:min:sec). DsRed expression facilitated the visualization of cellular locations. Scale bar: 20 μm. (b) VirE2-GFP~comp~ complex attached onto the nucleus. (c) Filamentous VirE2-GFP~comp~ complex linked to VirE2-GFP~comp~ inside the nucleus. (d) Mutations at NLS1 of VirE2-GFP11 abolished the nuclear localization of VirE2-GFP~comp~. Two representative fields (one in the upper panel; another in the lower panel) are chosen to show the effect of the mutations. Scale bar: 20 μm. (e) VirE2-GFP~comp~ signal inside yeast cells. *Saccharomyces cerevisiae* BY4741(pQH04-*GFP1--10*) cells were co-cultivated with AS-induced *A. tumefaciens* EHA105*virE2::GFP11* and observed at 24 h post co-cultivation. Scale bar: 5 μm. All images were obtained under a confocal microscope with an Olympus UPLSAPO 60 × NA 1.20 water immersion objective.](tpj0077-0487-f3){#fig03}

Both the shorter and longer forms of VirE2 aggregation moved inside the plant cells; some movements were directed towards the nucleus. The VirE2-GFP filaments were found to be attached to the nucleus (Figure [3](#fig03){ref-type="fig"}b; Movie [S2](#SD9){ref-type="supplementary-material"}). The filamentous VirE2-GFP complex was also found to be linked to the VirE2-GFP complex inside the nucleus (Figure [3](#fig03){ref-type="fig"}c; Movie [S3](#SD10){ref-type="supplementary-material"}). These results suggest that the filamentous VirE2 complex was targeted for nuclear import. When the VirE2 nuclear localization signal 1 (NLS1; [@b17]) was mutated, the VirE2-GFP complex was exclusively localized in the cytoplasm and the nuclear import was not observed (Figure [3](#fig03){ref-type="fig"}d) in either the VirE2-GFP~comp~ spots (upper panel) or the filamentous structures (lower panel). The VirE2-GFP~comp~ signals appeared to be less abundant when NLS1 was mutated, suggesting that the mutation might affect the stability or accumulation of the VirE2-GFP~comp~ complex. The experiments demonstrated that the nuclear import of the VirE2-GFP complex was dependent upon the nuclear localization signal.

VirE2 does not move inside yeast cells
--------------------------------------

Subsequently, this imaging approach was applied to a non-natural host species *Saccharomyces cerevisiae*. A yeast strain encoding GFP1--10 was co-cultivated with *A. tumefaciens* EHA105*virE2::GFP11* that was induced by AS. VirE2-GFP~comp~ signals were visualized in yeast cells (Figure [3](#fig03){ref-type="fig"}e), but not in the negative controls (Figure [S4](#SD4){ref-type="supplementary-material"}). The signals could appear as early as 2 h after co-cultivation (Figure [S5](#SD5){ref-type="supplementary-material"}a). However, the signals did not move inside the yeast cells (Figure [S5](#SD5){ref-type="supplementary-material"}b), and they were not localized in the nucleus (Figure [3](#fig03){ref-type="fig"}e). More often they were at the periphery of the yeast cells. This indicates that VirE2 is not actively trafficked into yeast nuclei, presumably because yeast is a non-natural host recipient, and thus lacks the facilitator(s) for VirE2 trafficking. This is consistent with the previous observation that VirE2 was localized in the cytoplasm rather than in the nucleus of yeast cells ([@b39]).

Comparison of VirE2 translocation and T-DNA transformation between *N. benthamiana* and yeast cells
---------------------------------------------------------------------------------------------------

We compared natural host plants with non-natural host yeast as recipients for *Agrobacterium*-mediated T-DNA transformation and VirE2 translocation. As shown in Figure [4](#fig04){ref-type="fig"}, all *N. benthamiana* cells seen under the microscope received VirE2-GFP~comp~ signals, whereas 50.9% of *S. cerevisiae* cells received VirE2-GFP~comp~ signals. This indicates that the efficiency of *Agrobacterium*-mediated VirE2 translocation was comparable between natural host plant and non-natural host yeast. This suggests that VirE2 delivery into recipient cells is not a limiting factor for *Agrobacterium*-mediated transformation.

![Comparison between plant and yeast as recipient cells for *Agrobacterium*-mediated transformation and VirE2 translocation. (a) *Agrobacterium*-mediated VirE2 translocation into plant cells. *Agrobacterium tumefaciens* EHA105*virE2::GFP11* cells were infiltrated into transgenic *Nicotiana benthamiana* (Nb308A) leaves expressing both GFP1--10 and DsRed. The epidermal cells were observed at 2 days post-agroinfiltration under a confocal microscope with an Olympus UAPO N 340 40 × NA 1.15 water immersion objective. Scale bar: 20 μm. (b) *Agrobacterium*-mediated VirE2 translocation into yeast cells. *Saccharomyces cerevisiae* BY4741(pQH04-*GFP1--10*) cells were co-cultivated with AS-induced *A. tumefaciens* EHA105*virE2::GFP11* and observed at 24 h post co-cultivation under a confocal microscope with an Olympus UPLSAPO 60 × NA 1.20 water immersion objective. Scale bar: 5 μm. (c) Determination of the efficiency of *Agrobacterium*-mediated T-DNA transfer into yeast cells. *S. cerevisiae* BY4741 cells were co-cultivated with AS-induced *A. tumefaciens* EHA105(pHT101) cells containing T-DNA harboring the EGFP reporter driven by the ADH promoter. At 24 h post co-cultivation, the cells were analyzed by FACS for the GFP intensity; *At*, *A. tumefaciens* cells; *Sc*-GFP^−^, untransformed *S. cerevisiae* cells; *Sc*-GFP^+^, *S. cerevisiae* cells expressing GFP. (d) Determination of the efficiency of *Agrobacterium*-mediated T-DNA transfer into plant cells. *A. tumefaciens* EHA105*virE2::GFP11*(pQH308A) cells were infiltrated into wild-type *N. benthamiana* leaves. The epidermal cells were observed at 2 days post agroinfiltration, under a confocal microscope with an Olympus UPlanSApo 20 × NA 0.60 water immersion objective. Scale bar: 20 μm. (e) Comparison between plant and yeast as recipient cells for *Agrobacterium*-mediated transformation and VirE2 translocation. The efficiency of *Agrobacterium*-mediated VirE2 translocation was determined based on the percentage of the cells showing VirE2-GFP~comp~ signal after agroinfiltration or co-cultivation. The efficiency of *Agrobacterium*-mediated transient transformation was determined based on the percentage of the cells showing DsRed or GFP signal from the T-DNA transferred into *N. benthamiana* or *S. cerevisae*. The efficiency of *Agrobacterium*-mediated stable transformation was determined based on the percentage of the cells carrying the T-DNA-encoded *LEU2* transferred into *S. cerevisae*. NA, not applicable.](tpj0077-0487-f4){#fig04}

The efficiency of *Agrobacterium*-mediated transformation was dramatically different between natural host plants and the non-natural host yeast. As shown in Figure [4](#fig04){ref-type="fig"}, all *N. benthamiana* cells seen under the microscope expressed the T-DNA-encoded DsRed in an infiltration assay for transient T-DNA transformation, whereas only 0.2% of *S. cerevisiae* cells expressed the T-DNA-encoded GFP in a co-cultivation assay by using a fluorescence-activated cell sorter (FACS) that can detect transient transformation in a timely manner. In an assay for stable transformation, 0.4% of *S. cerevisiae* cells were stably transformed with T-DNA that encodes a nutrient marker *LEU2*. The efficiency was similar between the transient and stable transformation for *S. cerevisiae* cells: the minor difference presumably arose from the sensitivity of the assay method.

The data indicate that the transient transformation efficiency of the natural host plant is 250--500-fold higher than the non-natural host yeast cells, whereas the VirE2 delivery was 127--255-fold more efficient than the transient transformation for a non-natural host recipient. One limiting factor for the non-natural host yeast transformation was presumably T-complex trafficking, as the non-natural host yeast cells could not facilitate the active trafficking of bacterial virulence factors, including VirE2 (Figure [3](#fig03){ref-type="fig"}), and perhaps the T-strand.

DISCUSSION
==========

*Agrobacterium* is widely used as a genetic vector to deliver DNA into various cells, whereas its capacity to deliver protein is not fully explored. In a sense *Agrobacterium* is regarded as a genetic engineer, and is not widely used as a vector for protein delivery. This article reports the direct visualization of *Agrobacterium*-delivered VirE2 protein inside recipient cells. The data indicate that *Agrobacterium* is more efficient in protein delivery than genetic transformation for a non-natural host recipient. It should be of significance to further explore the capacity of *A. tumefaciens* to deliver proteins.

The visualization of VirE2 inside recipient cells may also be useful to study the trafficking pathway of the T-strand, as VirE2 is a component of the proposed nucleoprotein complex. The abundance of VirE2 ([@b24]) is particularly suitable for its role to protect T-DNA by coating it with numerous molecules ([@b16]). It was estimated that about every 19 bases of T-DNA is coupled with one VirE2 molecule ([@b19]). In addition, the VirE2 protein can also assemble without T-DNA to form homodimers and solenoids (Frenkiel-[@b25]). These unique traits prompted us to use VirE2 as a model to study *Agrobacterium*-delivered molecules inside recipient cells.

Previously, attempts have been made to tag VirE2 with different fluorescent proteins ([@b4]; [@b1]). But none of the tagged VirE2 proteins was successfully translocated into recipient cells, presumably because the T4SS channel could not accommodate the enlarged size or hindering structure of these fusion proteins ([@b4]; [@b1]). Nevertheless, the subcellular localization of VirE2 has been investigated with the tagged VirE2 protein; both cytoplasmic and nuclear localization of VirE2 have been reported ([@b17]; [@b39]; [@b47]; [@b4]). In those studies, VirE2 was artificially introduced into cells either by direct uptake or by transgenic expression, which may differ from a natural *Agrobacterium*-mediated transfer process. In addition, VirE2 tagged with a full-length GFP either at the C-terminus or N-terminus may affect its translocation activity ([@b44]; [@b15]; [@b42]; [@b4]). This indicates that *Agrobacterium*-delivered VirE2 has never been visualized inside recipient cells previously.

In this report, we adopted a split GFP approach ([@b8]; [@b37]), in which GFP is split into two parts: a small peptide (GFP11) of 16 residues and the remaining 215-residue fragment (GFP1--10). GFP11 was used as the tag and fused onto a permissive site of VirE2 so that the VirE2-GFP11 was functional like VirE2. This suggests that VirE2-GFP11 movement could represent the trafficking of VirE2. As GFP1--10 was expressed inside recipient cells, the GFP~comp~ signal was only detectable inside recipient cells, so that the VirE2-GFP11 trafficking signal could be readily monitored.

When GFP11 was fused onto the C-terminus of VirE2, no VirE2-GFP~comp~ signals were detected inside plant cells (Figure [S6](#SD6){ref-type="supplementary-material"}). This demonstrated that the position of GFP11 tagging was critical for the split-GFP experiments.

The split-GFP approach enabled us to directly visualize *Agrobacterium*-delivered VirE2 in live recipient cells. As VirE2-GFP11 is delivered in a natural setting, the VirE2-GFP11 movement should represent the natural trafficking process inside recipient cells. This should be of use to further study how host factors facilitate VirE2 movement inside recipient cells.

The nuclear import of VirE2 was reported to occur in plant cells ([@b17], [@b18]; [@b47]), but not in yeast or mammalian cells ([@b27]; [@b39]; [@b47]). Consistent with this, our split GFP assay demonstrated that VirE2-GFP moved towards the nucleus, and VirE2-GFP was indeed localized in the nucleus in the natural host leaves of *N. benthamiana* after agroinfiltration. Interestingly, we observed the nuclear targeting of the filamentous VirE2-GFP complex, which occurred in an NLS-dependent manner. The VirE2-GFP filaments grew in length as more VirE2-GFP was delivered, even in the absence of T-DNA. This is consistent with the fact that purified VirE2 can form filamentous structures in a self-aggregation manner (Frenkiel-[@b25]; [@b23]).

The speed of VirE2-GFP movement varied; the majority ranged from 1.3 to 3.1 μm sec^−1^; the movement was linear and directional. This suggests that VirE2 trafficking inside plant cells is an active process. Currently, we are investigating the molecular mechanism of the VirE2 movement inside plant cells. Real-time visualization of VirE2 movement, as exemplified by the split-GFP approach, should be particularly useful to further dissect the detailed molecular events of VirE2 trafficking.

In contrast, VirE2 did not move and remained cytoplasmic, once it was delivered into the non-natural host yeast cells. Presumably, non-natural host recipient cells do not have the host factors to facilitate VirE2 movement. In addition, the filamentous VirE2-GFP structures were not observed inside yeast cells (Figure [3](#fig03){ref-type="fig"}e). It is not clear whether this results from a limitation in yeast cellular space or from the quantity of VirE2 delivered into yeast cells.

Surprisingly, the efficiency of *Agrobacterium*-mediated VirE2 translocation into yeast is particularly high (50.9%) in our split-GFP experiments. In comparison, only 1% of *S. cerevisiae* cells received VirE2 in a Cre recombinase assay for translocation (CRAfT; [@b50]; [@b42]). The discrepancy may arise from the sensitivity of the detection methods. In our split-GFP assay, a small GFP fragment was inserted into a permissive site of VirE2; the structural disturbance from GFP tagging should be minimal. Indeed, the VirE2 fusion was functional like the wild type. On the other hand, the CRAfT assay used the Cre-VirE2 fusion, in which Cre has 343 residues, and this bulky size may reduce the efficiency of Cre-VirE2 delivery into the yeast cells. Moreover, our split-GFP imaging method can directly visualize VirE2 delivered into the cytoplasm, whereas the CRAfT assay might require a certain concentration of Cre-VirE2 delivered into the cells for Cre-mediated recombination to take place. Thus, the split-GFP imaging method should detect more signals than the CRAfT assay.

Our experiments showed that the efficiency of *Agrobacterium*-mediated VirE2 translocation was even similar between the natural host and non-natural host recipient. This indicates that *Agrobacterium* is a much more efficient vector for protein delivery than a genetic vector for a non-natural host recipient. The bacterial capability to deliver proteins should be further explored for both applied and theoretical investigations.

EXPERIMENTAL PROCEDURES
=======================

Strains, plasmids, primers and growth conditions
------------------------------------------------

The strains and plasmids used in this study are listed in Table [S1](#SD7){ref-type="supplementary-material"}. *A. tumefaciens* strains were grown at 28°C in MG/L medium or induction medium (IBPO~4~; [@b9]). *S. cerevisiae* strains were grown at 30°C using yeast extract peptone dextrose (YPD) medium (Clontech, now TaKaRa, <http://www.takara-bio.com>) or SD medium with appropriate drop-out (DO) supplements (Clontech). *Escherichia coli* strain DH5α was used for plasmid construction and was cultured at 37°C in lysogeny broth (LB) medium. Media were supplemented with 100 μg ml^−1^ carbenicillin or 100 μg ml^−1^ kanamycin, where needed.

Construction of plasmids and strains
------------------------------------

*Agrobacterium tumefaciens* mutants were generated by adopting a *sacB*-based gene replacement strategy ([@b43]). A 1029-bp *nptIII* cassette from pCB301 ([@b36]) was inserted into pEX18Tc ([@b43]) to generate Km^r^-plasmid pEX18TcKm.

The GFP11-coding sequence was inserted into *virE2* at Pro54 (of EHA105) using overlapping PCR. The resulting DNA fragment was inserted into pEX18TcKm to generate pEHA105-*VE2::GFP11*. This plasmid was then introduced into *A. tumefaciens* EHA105 by electroporation, and a *sacB*-based gene replacement was conducted. The resulting EHA105*virE2::GFP11* was confirmed by PCR.

An EHA105 VirE2 nuclear localization signal 1 (NLS1) mutant was obtained by using the same strategy as described above. Eight residues of the NLS1 in EHA105 VirE2 ([@b17]), 221KLR...KYGRR237, were replaced with alanine. The resulting EHA105*virE2::GFP11nls1* was confirmed by PCR.

To construct the A348 *virE2* deletion mutant, a 834-bp fragment upstream of *virE2* and a 985-bp fragment downstream of *virE2* were amplified and inserted into pEX18TcKm to produce pA348-VE2KO, which was used to generate A348Δ*virE2*.

The EHA105 *virE2* or *virE2::GFP11* coding sequence was inserted into pA348-VE2KO between the sequences upstream and downstream of A348 *virE2* to generate pA348*-105VE2* and pA348-*105VE2::GFP11*, respectively. These two plasmids were used to produce A348*-105virE2* and A348-*105virE2::GFP11*.

To generate transgenic *A. thaliana* expressing GFP1--10, the coding sequence (American Peptide Company, <http://www.americanpeptide.com>) was inserted into pHB at *Hin*dIII ([@b33]) to produce pHB-*GFP1--10*.

To generate transgenic *N. benthamiana* expressing GFP1--10, the coding sequence (American Peptide Company) was inserted into pDs-Lox to replace *Bar* ([@b53]). The resulting cassette *Pmas:GFP1--10:Tnos* was amplified by PCR and inserted into pBI121 at *Cla*I-*Hind*III ([@b12]). A DsRed open reading frame (ORF) was then inserted at *Xba*I-*Bam*HI, downstream of the *35S* promoter, to generate pQH308A.

Generation of transgenic *N. benthamiana* and *A. thaliana* lines
-----------------------------------------------------------------

The *Agrobacterium*-mediated transformation of *N. benthamiana* plants was performed using leaf sections. Transgenic calli were selected on MS media ([@b35]), supplemented with 100 mg l^−1^ kanamycin, 2 mg l^−1^ 6-benzylaminopurine (6-BA), and 0.2 mg l^−1^ 1-naphthaleneacetic acid. Transgenic tobacco plantlets were obtained by transferring calli with shoots into half-strength MS plates supplemented with 0.1 mg l^−1^ indole-3-butyric acid. The plasmid pQH308A was used to generate transgenic *N. benthamiana* Nb308A. Transgenic *A. thaliana* line H16 was generated with the floral-dip method ([@b20]).

Virulence assays
----------------

*Arabidopsis thaliana* seeds were surface-sterilized and then incubated at 4°C for 2 days. They were placed onto solidified half-strength MS medium supplemented with 1% sucrose and 0.5 g l^−1^ 2-(*N*-morpholine)-ethanesulphonic acid (MES), pH 5.8. The plates were then incubated under a 16-h photoperiod at 25°C for 10--12 days. Roots from individual seedlings were cut into 3--5-mm segments and re-suspended in 1 ml of fresh half-strength MS medium containing *A. tumefaciens* cells at a concentration of 5 × 10^8^ cell ml^−1^, except where specified otherwise. The mixtures were spread onto a solidified half-strength MS plate and subsequently incubated at 25°C for 2 days. The root segments were aligned onto half-strength MS medium plates containing 100 μg ml^−1^ cefotaxime and kept at 25°C for 4 weeks.

Agroinfiltration
----------------

To visualize *Agrobacterium*-delivered VirE2, agroinfiltration was performed as described previously ([@b32]). Briefly, the bacteria were grown overnight; the cultures were diluted 50 times in MG/L and then grown for 6 h. The bacteria were collected and re-suspended in infiltration buffer (10 m[m]{.smallcaps} MgCl~2~, 10 m[m]{.smallcaps} MES, pH 5.5) to OD~600~ = 1.0. The bacterial suspension was infiltrated using a syringe to the underside of fully expended *N. benthamiana* leaves. The infiltrated plant was maintained at 22°C with a photoperiod of 16 h of light/8 h of dark.

*Agrobacterium-*mediated transformation of yeast cells
------------------------------------------------------

The *Agrobacterium*-mediated transformation of yeast cells was performed as described by [@b38], with modifications. Yeast cells were grown overnight; the cultures were diluted 40-fold with fresh YPD medium and grown for an additional 5 h. The cells were collected and the concentration was adjusted to 1 × 10^7^ cells ml^−1^ in PBS. Agrobacteria were grown overnight; the cultures were diluted with fresh MG/L medium and grown for 7--8 h to reach the late log phase. The cells were collected and resuspended in induction medium with 100 μ[m]{.smallcaps} AS. After growth at 28°C for 18 h, the cells were collected and resuspended in induction medium to a concentration of 1.2 × 10^10^ cells ml^−1^. Co-cultivation of bacteria and yeast cells was performed by mixing 50 μl of yeast cell suspension and 50 μl of *A. tumefaciens* cell suspension; the mixture was placed onto induction medium plates containing 100 μ[m]{.smallcaps} AS and appropriate DO supplements. The cells were incubated at 20°C for 24 h before plating onto selection medium or before microscopic observation.

Confocal microscopy
-------------------

A PerkinElmer UltraView Vox Spinning Disk system with electron-multiplying charge-coupled device (EM-CCD) cameras was used for confocal microscopy. To observe leaf epidermis, agroinfiltrated leaf tissues were detached from *N. benthamiana* plants and put in 2% low-melting agarose gel on a glass slide with a coverslip. For yeast images, the cells were suspended in PBS and then put on a slide with a coverslip. All images were taken in multiple focal planes (*Z*-stacks), and were processed to show the extended focus image or 3D opacity view by [volocity]{.smallcaps}® 3[d image analysis software]{.smallcaps} 6.2.1.

FACS analysis
-------------

*Saccharomyces cerevisiae* BY4741 cells were co-cultivated with AS-induced *A. tumefaciens* EHA105(pHT101) cells for 24 h. The cells were analyzed by FACSAria II (Becton-Dickinson, <http://www.bd.com>), based on the GFP intensity. *A. tumefaciens* EHA105 cells and *S. cerevisiae* BY4741 cells were used as negative controls.
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###### 

GFP11 tagging did not affect VirE2 function.

###### 

GFP11 tagging did not affect *A. tumefaciens* growth or VirE2 expression level.

###### 

Negative controls for the GFP fluorescence detected in *N. benthamiana* leaf epidermal cells under the experimental conditions for Figures 1--3.

###### 

Negative controls for the GFP fluorescence detected in yeast cells under the experimental conditions for Figures 2 and 3.

###### 

Visualization of VirE2-GFP~comp~ signals in yeast cells.

###### 

No detectable VirE2-GFP~comp~ signals for GFP11 fused onto the C-terminus of VirE2.

###### 

Strains and plasmids used in the studies.

###### 

VirE2 movement inside plant cells.

###### 

3D visualization of filamentous VirE2-GFP~comp~ attached onto the nucleus.

###### 

3D visualization of filamentous VirE2-GFP~comp~ complex linked to VirE2-GFP~comp~ inside the nucleus.
